In situ surveys were used to examine the contribution of benthic herbivorous invertebrates and fishes to the organization of Mediterranean rocky sublittoral communities. Shallow (1-3 m) and deep (6-8 m) sampling sites, in natural areas and on man-made structures, were characterized by a structural complexity index (cavity index and mean size of cavity aperture), algal cover (encrusting, turfy, shrubby and arborescent algae) and the density of benthic herbivorous invertebrates and fish. A relationship between structural complexity and biota was only evident for some fish species (Diplodus spp. and Sarpa salpa) at deep sites, where they not only feed but also shelter. Three benthic herbivorous invertebrates, the sea urchins Paracentrotus lividus and Arbacia lixula, and the limpet Patella caerulea, are associated with communities dominated by encrusting algae. Variations in their abundance and role in structuring algal communities follow a depth gradient: P. caerulea and A. lixula are mainly present at shallow sites and P. lividus at deep sites. These benthic herbivorous invertebrates may account for the structure of shallow algal communities. In contrast, at deep sites, fishes (the omnivorous Diplodus spp. and the herbivorous S. salpa) have a potential importance in controlling sublittoral algae, in addition to invertebrates. It is suggested that the ecological impact of herbivorous and omnivorous fishes in temperate seas could be greater than is generally thought. Experiments should be designed to validate this postulate.
Introduction
The role of benthic herbivorous invertebrates and fishes in the organization of sublittoral communities is the focus of increasing interest, both in tropical and temperate areas. In tropical areas, the impact of benthic herbivorous invertebrates on the distribution and abundance of seaweeds and invertebrates is well documented (Glynn et al., 1979; Sammarco, 1980; Foster, 1987a, b; Coyer et al., 1993) . Omnivorous and herbivorous reef fishes, characterized by high species diversity and a high degree of specialization (browser, grazer, scraper, crusher) , have the greatest impact on the structure and dynamics of coral reefs (Hiatt & Strasburg, 1960; Vine, 1974; Ogden, 1976; Ogden & Lobel, 1978; Hay, 1981a, b; Lubchenco & Gaines, 1981; Sammarco, 1983; Foster, 1987b; Steneck, 1988) .
In contrast, in temperate areas, the impact of the benthic herbivorous invertebrates on algal cover seems to be preponderant (e.g. Choat & Schiel, 1982; Elner & Vadas, 1990; Himmelman & Nédélec, 1990 ; see references in Keats, 1991) . A considerable amount of data shows an inverse correlation between the abundance of foliar algae and sea urchin density or biomass (e.g. Carpenter, 1981; Mann, 1982; Andrew & Underwood, 1993; Sartoretto & Francour, 1997) . In the Mediterranean sea, sea urchins are the most common benthic macro-herbivores on sublittoral rocky substratum. The sea urchins Paracentrotus lividus (Lamarck, 1816) and Arbacia lixula (L., 1758) are responsible for the development and maintenance of coralline barrens (Verlaque & Nédélec, 1983; Verlaque, 1984; Frantzis et al., 1988; Sala, 1997b) . Sea urchin grazing also has an impact on the other benthic invertebrates (Fletcher, 1987; Andrew & Underwood, 1993) . However, sea urchins are not the only macro-herbivores that play a role in the structure of algal assemblages of temperate seas. The grazing of herbivorous gastropods, such as Patella spp. or Littorina spp., is certainly one of the biotic factors involved in the structure and dynamics of benthic communities (Lubchenco, 1978; Branch & Branch, 1980; Steneck & Watling, 1982; Fletcher, 1987) .
Whilst sea urchins and other invertebrates are widely considered to be the major grazers in temperate systems, herbivorous fish are considered to be browsers of minor importance (e.g. Bernstein & June, 1979; Schiel, 1990; Barry & Ehret, 1993; Patton et al., 1994; Lundberg & Golani, 1995 ; see review in Jones & Andrew, 1990) . A few works have dealt with the impact of the herbivorous fish Sarpa salpa (L., 1758) on algal assemblages or seagrass beds in the Mediterranean (Velimirov, 1984; Verlaque, 1990; Sala & Boudouresque, 1997) . Other fish species, especially the genus Diplodus, also affect the abundance and the dynamics of algal assemblages. These fish, often regarded as carnivorous, are increasingly considered as omnivorous. Their effect on algal assemblages has only been documented in protected areas where fishing prohibition increases fish abundance (Sala, 1997b) . The question that remains to be answered is whether the algal distribution patterns in a temperate sea are consistent with control by both benthic herbivorous invertebrates and herbivorous and omnivorous fishes.
Three questions are addressed in this paper: (a) how can the structural complexity of large man-made structures be described? (b) Do depth and/or structural complexity influence the relationship between algal cover, fishes and benthic herbivorous invertebrates? (c) Can a working model be proposed of the patterns of interaction of algal cover, fishes and benthic herbivorous invertebrates in the north-western Mediterranean?
To answer these questions, in situ surveys (sampling and censuses) are used of large homogeneous substrata on both natural rocky bottom and on man-made structures, making it possible to dispose of consistent replicates.
Methods

Location and morphology of study areas
The study was restricted to hard substrata, including man-made structures and natural rocky bottoms, on the French Mediterannean coast (Figure 1 , Table 1 ). Each sampling site is described in terms of slope (measured in degrees), structural complexity, exposure, substratum type, depth of base, and block characteristics.
Several authors have attempted to define the structural complexity of rocky substrata. Luckhurst and Luckhurst (1978) measure structural complexity by the ratio of developed length to linear length. This method has not been used here because the developed length measurement is very inaccurate (it depends on the scale used); moreover, it is impossible to measure when the cavity bottom is not accessible. Francour et al. (1995) and Harmelin et al. (1995) use scales from 0 to 3 and from 1 to 4 respectively, to quantify the structural complexity. These scales are not accurate enough for our sites, because all sites could be classified as 3 or 4, depending on the scale used. According to the method of Molles (1978) , the structural complexity is charaterized by: (i) mean size (a) of block external face (mean of all (a) measurements), and (ii) mean size (b) of cavity aperture between blocks (mean of all (b) measurements). In addition, we applied (iii) the coefficient of variation of block external face size, and (iv) the coefficient of variation of cavity aperture size. Furthermore, (v) a cavity index (Cav) was calculated, based on (a) and (b). On each block and cavity, selected at random, two measurements, one parallel to the surface of the water and the other perpendicularly corresponding to the block or cavity median were taken (Figure 2) , and 50 measurements (a) and (b) for each sampling site were taken at 1-3 m and 6-8 m depth. The cavity index, expressed in percentage, is calculated as follows: Cav=b 2 100/ (a 2 +b 2 ).
Algal cover
The algal cover was characterized by the number and nature of the algal strata. Four strata were defined according to the macroalgal functional form groups of Littler and Littler (1984 quadrats. Data were randomly collected during two surveys in the year (cold and warm season), with 20 measurements, in each study area, at three depths (1 m, 3 m and 8 m). Below, when arborescent, shrubby, turfy or encrusting algae is spoken of, what is meant is an algal stand with the arborescent, shrubby, turfy or encrusting stratum being the upper stratum.
Benthic herbivorous invertebrates
Density of benthic herbivorous invertebrates was estimated at the same time as the algal cover, and using the same sampling method. Twenty measurements were taken at 1 m, 3 m, and 8 m depth, as recommended by Weinberg (1978) for the study of rocky Mediterranean macro-invertebrate communities. Species investigated in this study, >1 cm length, are the most frequent species of benthic herbivorous invertebrates: the sea urchins P. lividus and A. lixula and the mollusc Patella caerulea (L., 1758).
Fish community
A total of 46 species, belonging to 16 families, were observed at the stations (Table 2 ). Small cryptic species (Blenniidae, Gobiidae and Tripterygiidae) were not considered because our sampling method was not suited to quantifying these species. Gregarious open-water species, Mugilidae, Oblada melanura (L., 1758), Atherina boyeri (Risso, 1810), Sardina pilchardus (Walbaum, 1792), Engraulis encrasicolus (L., 1758) and Chromis chromis (L., 1758), were not considered either because they are planktivores.
The individuals of other species were counted underwater and their size estimated (Harmelin-Vivian et al., 1985) . Three size classes, small (less than one-third of maximum length), medium (one-third to two-thirds of maximum length), and large (greater than two-thirds of maximum length), were used to estimate fish size. Censuses were carried out every two months, at both sites, during one year. For man-made structures, a second year of sampling was undertaken, without juvenile counts. Censuses were carried out within the same day period (10.00 h to 15.00 h U.T.) and each count series was concentrated within a 15 to 20 day period.
Data analysis
Hierarchical analysis (cluster analysis) compiled from structural complexity parameters at each site allowed classification of sites. Linkage rules were based on Ward's method and Euclidean distances. Afterwards, principal component analysis was used to detect the relationships between structural complexity, algal cover, benthic herbivorous invertebrates and fishes. Possible relationships between percent of substrata occupied by encrusting algae (dependent variable) and square root transformed density of benthic herbivorous invertebrates (independent variables) were tested using multiple regressions (Zar, 1984) . Statistical differences among means were sought with ANOVA (F), and Student Newman Keuls (SNK) test. When normality (Kolmogorov-Smirnov test) and heteroscedasticity (Cochran's test) were not respected, nonparametric tests of Mann-Whitney (Z), Kruskal-Wallis (H), and nonparametric Tukey-type multiple comparisons were used (Zar, 1984) . Most statistical analyses were carried out using the CSSStatistica microcomputer program (Version 4.0) (StatSoft., 1993).
Results
Structural complexity
The hierarchical analysis (Figure 3 ) of the structural complexity of substrata showed four groups of sites at a standardized linkage distance of 18. The four clusters are characterized as follows (Table 3) : (a) Cluster 1 contains sites with maximum mean size of blocks and cavity aperture between blocks, hence with high cavity index; (b) Cluster 2 groups sites with large blocks, providing small cavities. The cavity index is then the lowest of all the clusters; (c) Cluster 3 was characterized by small blocks and small cavities, but it resulted in a fairly high cavity index; (d) Cluster 4 groups sites with the smallest blocks and cavities, and has the highest cavity index.
This hierarchical analysis underlines the importance of: mean size of block external face (a), mean size of cavity aperture between blocks (b), and cavity index (Cav) for cluster discrimination. So the other parameters (CVa, CVb, and Slope) were not used for principal component analysis. Moreover, he mean size of block external face (a) was not used either for PCA, because (Cav) and (b) appear sufficient to provide a good idea of the structural complexity and of the use of the habitat.
Relationships between algae, structural complexity, benthic herbivorous invertebrates and fishes
Principal component analysis. The first two axes of principal components analysis, at 1-3 m and 6-8 m depth, explained more than 50% of total variability. The third axis (eingenvalue and % of total variance at 1-3 m and 6-8 m, respectively: 2·17, 18·1% and 2·18, 18·2%) does not provide information of further explicative value [ Figure 4(a-b) ]. At 1-3 m depth, the appearance of assemblages is mainly explained by the opposition between the shrubby or arborescent algae (i.e. algal stands with the shrubby stratum and the arborescent stratum being the higher stratum) and the encrusting algae [ Figure  4 (a)]. At 1-3 m depth, the three invertebrate species are associated with the encrusting algae stratum, and are the most abundant in clusters 1 and 3 (Table 3) . Symphodus spp. are always associated with the arborescent, but also shrubby algae stratum, and are the most numerous in clusters 2 and 4. At 1-3 m depth, the cavity index partly explains S. salpa and Diplodus spp. variability, thus a small cavity index corresponded to low densities of S. salpa and Diplodus spp. (Table 3) . As at 1-3 m depth, algal cover explains the pattern of invertebrate assemblages. The sea urchin P. lividus was limited to the encrusting algae. Patella caerulea and A. lixula were not associated with a particular algal stratum. Finally, Symphodus spp. was always associated with shrubby and arborescent algae, but the link was less strong than at 1-3 m depth.
Relationship between algal cover and benthic herbivorous invertebrates. Multiple regressions summarize relationships between density of P. lividus, A. lixula and P. caerulea and the percent of substratum dominated by encrusting algae (%Enc) (usually corresponding to overgrazed surface) and allow estimation of the contribution of each species at 1 m, 3 m, and 8 m depth (Table 4) .
At 1 m depth, the contribution of P. caerulea is the most important in predicting the percentage of surface dominated by encrusting algae. The P. lividus contribution is not significant at 1 m, but increases with depth. The reverse tendency is apparent for P. caerulea, and the highest contribution of A. lixula is observed at 3 m depth (Table 5) .
Relationship between algal cover and fishes. Algal cover, characterized by the dominant algal stratum, is significantly linked to the density of Symphodus spp. (H(3,752) At 1-3 m and 6-8 m depth, the highest density of Symphodus spp. is significantly linked to erect algae (shrubby and arborescent). Diplodus spp. and S. salpa are generally linked to low algal stratum (encrusting and/or turfy), whatever the depth. Densities of S. salpa are significantly lower at 6-8 m depth than at 1-3 m depth, whatever algal stratum dominates (1-way ANOVA, F=149·86, P<0·001). Finally, the depth has no influence on the densities of Symphodus spp.
(1-way ANOVA, F=1·37, P=0·242), and Diplodus spp. (1-way ANOVA, F=0 13, P=0·715).
Discussion and conclusions
Influence of substratum characteristics
According to several authors, the structural complexity of the substratum is more or less determinant for fish communities. Most of the literature concerns artificial reefs (e.g. Molles, 1978; Chandler et al., 1985; Bohnsack, 1991; Ody & Harmelin, 1994) or coral reefs (e.g. Randall, 1963; Kohn, 1967; Risk, 1972; Talbot & Goldman, 1972; Dahl, 1973; Luckhurst & Luckhurst, 1978; Molles, 1978) . For temperate seas, high structural complexity of natural rocky substrata increases the density of fishes only in areas colonized by the introduced green alga Caulerpa taxifolia (Valh) C. Agardh (Francour et al., 1995; Harmelin et al., 1995) . The relationships between algae, herbivorous invertebrates, fishes and the structural complexity of the habitat were analysed. The cavity index (Cav) and the mean size of cavity aperture (b) appear to be the most informative. They give a good picture of the shelter availability of the substratum, even when the depth of the cavities cannot be quantified. Within the range studied here, the effect of structural complexity appears weak on fish and invertebrate populations. As far as invertebrates are concerned, this unexpected result could be due to the too large size of shelters (mean size b=63 cm) when compared with invertebrate size (P. lividus test diameter without spines #3-5 cm). The size of shelter must be proportional to invertebrate size (see Ayal & Safriel, 1982; Levitan & Genovese, 1989; Sala, 1997b) to be effective. For fishes, a link between structural complexity and density is only evidenced for Diplodus spp. and S. salpa in deep sites. This could be due to the behaviour of these species, which forage in shallow waters (Harmelin, 1987; Verlaque, 1990) where shelter availability is consequently of low concern, and shelter in deeper waters.
Relationship between algal cover and benthic herbivorous invertebrates
Our results highlight the relationships between the density of benthic herbivorous invertebrates and the percentage of encrusting algal cover. In temperate CAL3  DF8  CAL8  MEJ8  CAT3  BAT3  MEJ3  VP3  PCR8  PCB3  PR3  PCR3  GOU8  GOU3  VP8  PCB8  CAT8  PR8  COR8  COR3   1  2  4 F 3. Tree diagram for 22 study areas. The names of study areas refer to Table 1 , and the number to the depth. Cluster analysis uses Ward's method and Euclidean distances.
seas, shallow rocky substrata usually exhibit a well diversified and abundant algal cover, forming an erect stratum. However, sea urchin grazing tends to remove this algal cover (e.g. Mann, 1982; Cowen et al., 1982; Dean et al., 1984; Choat & Ayling, 1987; Frantzis et al., 1988; Elner & Vadas, 1990; Eston & Bussad, 1990; Himmelman & Nédélec, 1990; Keats, 1991; Andrew & Underwood, 1993; Relini et al., 1994) . Verlaque (1987) , on the basis of in situ surveys, has shown that above a certain density threshold (16-20 sea urchins m 2 , diameter: 5 cm), grazing by P. lividus can involve overgrazing in shallow communities, fleshy algae being replaced by coralline barrens. At our sites, P. lividus density was generally far below these critical values. Three hypotheses could be proposed to explain the actual presence of barrens: (a) the minimum density of sea-urchins to maintain a preexisting coralline barren is lower than the density required to create such a pattern, (b) herbivorous invertebrate grazing reinforces the grazing activity of P. lividus, and (c) fish grazing reinforces both P. lividus and other invertebrate grazing.
Few attempts have been made to accurately quantify the density threshold needed to maintain an already existing coralline barren; it is to be expected that this value is modulated by the depth, following the algal production decrease with depth. According to the mean daily algal consumption of P. lividus (0·1 to 0·3 gdw day 1 , diameter 5 cm; Verlaque, 1987 ) and the mean daily production of encrusting and turf algal communities (6·8 gdw m 2 day 1 , near Marseilles; Shepherd & Boudouresque, unpubl. data), at shallow depth, the mean density of P. lividus (0·8 to 5·6 ind m 2 , 3-5 cm in diameter, respectively at 1 m and 3 m depth) cannot on its own explain the persistence of the coralline barrens. 
At shallow depths (1 m and 3 m), as far as the second hypothesis is concerned, our results evidence the presence of numerous individuals of two other benthic herbivorous invertebrates at our sites, which are well known to have an impact on algal cover, the sea urchin A. lixula and the limpet P. caerulea. They feed mainly upon turfy and encrusting algae (Verlaque, 1987) . At shallow depth, a high density of P. caerulea involves a severe decrease of algal cover. In the presence of P. caerulea (density not mentioned), the critical value of P. lividus abundance necessary to determine overgrazing is only 7-15 individuals (5 cm in diameter) (Verlaque, 1987) . So the density of A. lixula and P. caerulea in shallow habitats could reinforce the grazing by P. lividus, and contribute to maintaining coralline barrens. On the other hand, the third hypothesis (a significant contribution of fish grazing) cannot be supported in shallow habitats, a relationship between fishes and low algal cover being unclear (see Figure 4) . With increasing depth, P. lividus becomes the most abundant benthic herbivorous invertebrate, and A. lixula and P. caerulea mean densities decline (respectively to 0·8 and 1·2 ind. m 2 , at 8 m depth). Similar calculation of P. lividus grazing and algal production (see above) shows that the density of P. lividus is not sufficient to create or maintain a coralline barren ground. The density of A. lixula and P. caerulea densities are also too low to create or maintain a barren ground. Consequently, another factor (fishes, see below) must be considered to explain the observed coralline barrens at depth. In any case, there is a shift in the benthic herbivorous invertebrates which structure algal communities: A. lixula and P. caerulea are mainly involved in the shallow zone, and P. lividus partly in deeper water.
Relationship between algal cover and fishes
The structure of algal communities is an element of the substratum complexity (Wharton & Mann, 1981) and can thus influence fish assemblages in their habitat selection (Patton et al., 1985; Choat & Ayling, 1987) . Access to prey is a determinant factor for the success of fish assemblages (Bortone et al., 1994; Relini et al., 1994; Sala, 1997a) . The quantity and quality of epifaunal communities which are regulated by fish predation (Nelson, 1979; Sala, 1997a) are also strongly influenced by algal cover (Wharton & Mann, 1981; Day, 1983; Holmlund et al., 1990; Ballesteros, 1991; Sala, 1997a) . Consequently, algal communities and fish assemblages are probably linked at two levels: spatial (habitat selection) and trophic (access to prey).
Species of the genus Symphodus (Labridae) live in close relation with their immediate environment (Lejeune, 1985; Harmelin, 1987) . On the other hand, Symphodus spp. abundance is not linked to habitat complexity. In our study, Symphodus species were always more abundant in erect algal cover sites which allow them: (a) access to abundant prey (amphidpods, polychaetes etc.; see Bell & Harmelin-Vivian, 1983) , and (b) availability of shelters and nesting sites (Quignard, 1966; Lejeune, 1985) . Relini et al. (1994) showed that abundance of wrasses is closely linked to changes in algal stand on the blocks of artificial reefs.
The high Diplodus spp. (Sparidae) density in low algal cover sites (encrusting stratum) may be explained by the trophic behaviour of these fishes (Bell & Harmelin-Vivien, 1983; Rosecchi, 1985; Sala & Zabala, 1996) . The most common species here were Diplodus sargus (L., 1758) and Diplodus vulgaris (E.G. Saint-Hilaire, 1817 
1983; Zabala et al., 1992; Rosecchi, 1985) , but also a non-negligible percentage of algae (43 to 56% of occurrence frequency of algae in the guts) (Sala & Zabala, 1996) ; as a result the latter authors classify them in the omnivorous category. On the one hand, it could be supposed that the distribution of Diplodus spp. may be due to the presence of P. lividus, one of the prey of Diplodus spp. However, the range of size of the individuals observed here (test diameter #3-5 cm) is above the usual prey size for the Diplodus spp. inhabiting the study site, whose total length ranges between 5 and 20 cm. On the other hand, the link between Diplodus spp. and low algal cover (see Figure 5 ) could be explained by the consumption of algae, more or less linked to consumption of epifaunal prey, and access to benthic prey. Similarly, Choat and Ayling (1987) have observed a high density of large benthophagic fishes in urchin-dominated barren grounds. As for Diplodus spp., a relationship between S. salpa and low algal cover was noted, and was remarkable at 6-8 m depth (see Figure 5 ). This herbivorous fish (Bell & Harmelin-Vivien, 1983; Verlaque, 1990; Sala & Boudouresque, 1997) , can represent, in some shallow Posidonia oceanica seagrass beds, a significant part of the fish fauna (40 to 70% in biomass) which gives it a considerable ecological weight, comparable to that of herbivorous fishes in tropical zones (Francour, 1997) . In sites dominated by encrusting algae, S. salpa scrapes the boulders, as was shown by algae, substratum fragments and animal remains in its gut content (Verlaque, 1990) ; so it could also contribute to the maintenance of a barren ground.
Control of algal communities in temperate seas
In marine protected areas (MPA) where fishing is prohibited (no-take areas), the fish assemblages are quantitatively and qualitatively different from those occurring in non-protected areas (Bell, 1983; García-Rubies & Zabala, 1990; Francour, 1994; Harmelin et al., 1995) . Because of this so-called reserve effect, the MPAs contain higher proportions of large individuals and higher fish densities (García-Rubies & Zabala, 1990; Francour, 1994; Harmelin et al., 1995) . Sala and Zabala (1996) suggest that in MPAs, fishes control algal communities at two levels: (a) indirectly by preying upon herbivorous echinoderms, and (b) directly by omnivorous fishes such as Diplodus spp. grazing on algae. In contrast, in unprotected areas where fishing could drastically reduce fish populations, fishes are not considered to be the main factor in algal community control. In these areas, this control would devolve to sea urchins and other benthic herbivorous invertebrates (Frantzis et al., 1988; Elner & Vadas, 1990; Himmelman & Nédélec, 1990; Keats, 1991) . Our data suggest that in non protected areas, both fishes and benthic invertebrates could control algal communities, but that their relative importance may change according to the depth. In shallow waters (1-3 m depth), the impact of benthic herbivorous 1vs4: Q = 4.586, P < 0.001 2vs4: Q = 2.882, P = 0.020 3vs4: Q = 3.651, P = 0.002 1vs3: Q = 6.132, P < 0.001 1vs4: Q = 3.684, P = 0.002 3vs4: Q = 2.642, P = 0.050 1vs3: Q = 9.274, P < 0.001 1vs4: Q = 9.163, P < 0.001 2vs4: Q = 11.076, P < 0.001 3vs4: Q = 11.021, P < 0.001 1vs3: Q = 7.432, P < 0.001 1vs4: Q = 10.163, P < 0.001 2vs3: Q = 5.012, P < 0.001 2vs4: Q = 7.546, P < 0.001 3vs4: Q = 5.269, P < 0.001 Encrusting Turfy Shrubby Arborescent F 5. Variations of fish abundance according to dominant algal stratum (dominant highest stratum). Mean density of Sarpa salpa, Symphodus spp., and Diplodus spp. 100 m 2 (+SE), at 1-3 m and 6-8 m depth. In grey boxes: significant results of nonparametric Tukey-type multiple comparisons.
